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STRESS MEASUREMENT METHOD USING X-RAY DIFFRACTION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a stress measurement 
method using X-ray diffraction. In particular, the present 
invention relates to a stress measurement method for a c- 
axis-oriented specimen of a tetragonal polycrystal . 

2 . Description of the Related Art 

In general, a sin 2 V|/ method has been used with for the 
stress measurement method using X-ray diffraction. The 
sin 2 \|/ method requires four conditions: (1) the crystal grain 
is small, (2) there is no strong preferred orientation, (3) 
a plane stress state is established within the depth of 
penetration of the X-ray, and (4) no stress gradient is 
present in the depth direction. 

The stress measurement of a polycrystalline specimen, 
in which a specific crystal axis orients in a specific 
direction (such an orientation is referred to as a fiber 
texture) , using the conventional sin 2 i|/ method does not 
satisfy the above-described condition (2) including no 
strong preferred orientation. Therefore, the stress 
measurement of the fiber texture specimen using the sin 2 \|/ 
method provides not a correct value but an approximate value. 

With respect to such a fiber texture specimen, 
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measurement methods more precise than the conventional sin 2 iy 
method have been developed. Only for a fiber texture 
specimen of a cubic or hexagonal polycrystal, measurement 
methods more precise than the conventional sin 2 \J/ method have 
been developed. For example, with respect to the cubic 
system, Tanaka, K. , Ishihara, K. and Inoue, K., J. Soc. Mat. 
Sci., Japan, Vol.45, No . 8 , p. 945-950, 1996 discloses 
calculation formulae in a stress measurement method for the 
[111] fiber texture of a cubic polycrystal ([111] is 
perpendicular to the specimen surface). Besides, Tanaka, K., 
Akiniwa, Y., Ito, T. and Inoue, K., JSME International 
Journal, Series A, Vol.42, No . 2 , p. 224-234, 1998 discloses 
calculation formulae in a stress measurement method for the 
<111>, <100> and <110> fiber textures of a cubic polycrystal. 
With respect to the hexagonal system, Tanaka, K. and Akiniwa, 
Y., JSME International Journal, Series A, Vol.41, No . 2 , 
p. 287-289 , 1998 discloses calculation formulae in a stress 
measurement method for the [001] fiber texture of a 
hexagonal polycrystal (only for an equi-biaxial stress 
state) . 

However, with respect to a fiber texture specimen of a 
tetragonal polycrystal (in this case, the c-axis of the 
tetragonal system is perpendicular to the specimen surface, 
the specimen being a c-axis-oriented specimen) , no stress 
measurement method more precise than the conventional sin 2 iy 
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method has been developed. The stress measurement of the c- 
axis-oriented specimen of the tetragonal polycrystal is 
strongly desired in, for example, a semiconductor industry. 
Since there are many c-axis-oriented specimens in tetragonal 
specimens such as PZT, a stress measurement method for such 
specimens is desired. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention 
to provide a stress measurement method more precise than the 
conventional sin 2 \|/ method for a c-axis-oriented specimen of 
a tetragonal polycrystal. 

A first aspect of the present invention is a 
measurement method, in which a stress of a c-axis-oriented 
specimen of a tetragonal polycrystal is measured using X-ray 
diffraction under the assumption of a plane stress state. 
The target for the measurement is limited to the tetragonal 
system having the Laue symmetry 4/mmm. The method according 
to this aspect comprises the steps of: (a) preparing a c- 
axis-oriented specimen of a tetragonal polycrystal as a 
specimen to be measured; (b) defining, as a specimen 
coordinate system, a coordinate axis P3 perpendicular to a 
surface of the specimen and two coordinate axes PI and P2 
orthogonal to each other within the specimen surface, and 
arranging an X-ray optical system including an X-ray source 
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and an X-ray detector within a plane including the 
coordinate axes PI and P3 ; (c) selecting one set of Miller 
indices (hkl) of the specimen, and arranging the X-ray 
source and the X-ray detector to be symmetrical with a 
normal to a crystal plane with said one set of Miller 
indices (hkl) , the normal to the crystal plane being 
inclined from a normal to the specimen surface at an angle 
of M 7 / so that a diffracted X-ray from the crystal plane with 
said one set of Miller indices (hkl) can be detected with a 
diffraction angle 60 (diffraction angle in a non-strain 
state) ; (d) irradiating the specimen with an X-ray, 
detecting the diffracted X-ray therefrom with the X-ray 
detector, adjusting the X-ray optical system to find out the 
diffraction angle G at which the diffracted X-ray exhibits a 
maximum intensity, and determining the diffraction angle 6 
as a measurement value; (e) determining a strain through the 
use of the diffraction angle 60 in the non-strain state and 
the diffraction angle 0 measured; (f) selecting another 
Miller indices (hkl) of the specimen, repeating the above- 
described steps (c) to (e) , and determining a strain with 
respect to said another set of Miller indices (hkl) ; (g) 
arranging the X-ray optical system including the X-ray 
source and the X-ray detector within a plane which is 
derived by rotation of the plane including the coordinate 
axes PI and P3 around the coordinate axis P3 through an 
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angle of + = 45°; (h) repeating the above-described steps 
(c) to (f) ; (i) arranging the X-ray optical system including 
the X-ray source and the X-ray detector within a plane which 
is derived by rotation of the plane including the coordinate 
axes PI and P3 around the coordinate axis P3 through an 
angle of <t> = 90°; (j) repeating the above-described steps 
(c) to (f) ; and (k) determining a stress <T IX in a direction 
of the coordinate axis PI, a stress a 22 in a direction of the 
coordinate axis P2 and a shearing stress a 12 between the 
coordinate axes Pi and P2 based on the strain 6 (+ = 0°) 
determined in the above-described step (f) , the strain 8 (+ = 
45°) determined in the above-described step (h) , the strain 
e (+ = 90°) determined in the above-described step (j) and 
si n 2 y through the use of stress calculation formulae 
determined under the conditions of a plane stress state and, 

a symmetry 4/mmm. 

A second aspect of the present invention is a 
measurement method, in which a stress of a c-axis-oriented 
specimen of a tetragonal polycrystal is measured using X-ray 
diffraction under the assumption of an equi-biaxial stress 
state. The targets for the measurement are both of the 
tetragonal system having the Laue symmetry 4/mmm and that 
having the Laue symmetry 4/m. The method according to this 
aspect comprises the steps of: (a) preparing a c-axis- 
oriented specimen of a tetragonal polycrystal as a specimen 
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to be measured; (b) defining, as a specimen coordinate 
system, a coordinate axis P3 perpendicular to a surface of 
the specimen and two coordinate axes PI and P2 orthogonal to 
each other within the specimen surface, and arranging an X- 
ray optical system including an X-ray source and an X-ray 
detector within an arbitrary plane including the coordinate 
axis P3; (c) selecting one set of Miller indices (hkl) of 
the specimen, and arranging the X-ray source and the X-ray 
detector to be symmetrical with a normal to a crystal plane 
with said one set of Miller indices (hkl) , the normal to the 
crystal plane being inclined from a normal to the specimen 
surface at an angle of v|/, so that a diffracted X-ray from 
the crystal plane with said one set of Miller indices (hkl) 
can be detected with a diffraction angle 9 0 (diffraction 
angle in a non-strain state) ; (d) irradiating the specimen 
with an X-ray, detecting the diffracted X-ray therefrom with 
the X-ray detector, adjusting the X-ray optical system to 
find out the diffraction angle 0 at which the diffracted X- 
ray exhibits a maximum intensity, and determining the 
diffraction angle G as a measurement value; (e) determining 
a strain through the use of the diffraction angle 0 O in the 
non-strain state and the diffraction angle 9 measured; (f) 
selecting another set of Miller indices (hkl) of the 
specimen, repeating the above-described steps (c) to (e) , 
and determining a strain with respect to said another set of 
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Miller indices (hkl) ; (g) determining a plane stress a 
within the specimen surface based on the strain E determined 
in the above-described step (f) and sin 2 vj/ through the use of 
stress calculation formulae determined under the condition 
of an equi-biaxial stress state. 

Materials belonging to the tetragonal system having the 
Laue symmetry 4/mmm include BaTi0 3 , CuGaS 2/ MgF 2 , PbTiCh, 
Mn 3 0 4/ MnF 2 , Mn0 2 , Ti0 2 and YV0 4 . Typical materials of the 
tetragonal system having the Laue symmetry 4/m include 
PbMo0 4 and CaW0 4 . 

According to the stress measurement method of the 
present invention, with respect to a c-axis-oriented 
specimen of a tetragonal polycrystal , more precise stress 
measurement can be performed as compared with that in the 
conventional sin 2 v(/ method. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a perspective view for explaining a c-axis- 
oriented specimen of a tetragonal polycrystal; 

Fig. 2 shows formulae (1) to (4) representing the 
principle of a stress measurement using X-ray diffraction; 

Fig. 3 is a perspective view showing three coordinate 
systems which will be used for explaining a calculation 
method in a stress measurement; 

Fig. 4 is a diagram for explaining transformation 
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matrices n, 0) and y between the three coordinate systems; 

Fig. 5 is a diagram showing a system of notation of an 
elastic compliance constant S, a stress c and a strain s in 
the three coordinate systems; 

Fig. 6 is a diagram showing the relationship between an 
elastic compliance constant in tensor notation and a 6 x 6 
matrix in matrix notation; 

Fig. 7 shows formulae (5) to (14) used for stress 
calculation; 

Fig. 8 is a diagram showing elastic compliance 
constants of two types of tetragonal system in matrix 
notation; 

Fig. 9 shows formulae (17) to (20) used for stress 
calculation; 

Fig. 10 shows formulae (21) and (22) used for stress 
calculation ; 

Fig. 11 shows a formula (23) used for stress 
calculation ; 

Fig. 12 shows formulae (24) and (25) used for stress 
calculation; 

Fig. 13 shows a formula (26) used for stress 
calculation ; 

Fig. 14 shows formulae (27) to (30) used for stress 
calculation ; 

Fig. 15 is a diagram showing the symmetrical property 
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of the Laue symmetry 4/mmm; 

Fig. 16 is a table showing angles of eight equivalent 
crystal coordinate systems; 

Fig. 17 is a table showing the values of vy, P, d 0 and 6 0 
with respect to each set of the Miller indices (hkl) of 
PbTi0 3 ; and 

Fig. 18 is a diagram for explaining an X-ray optical 
system, 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to Fig. 1 illustrating a c-axis-oriented 
specimen of a tetragonal polycrystal, most of many crystal 
grains which are present in the vicinity of the surface of a 
specimen 10 have the c-axes of the tetragonal system 
perpendicular to the specimen surface. The remaining two 
axes (since these are equivalent to each other, both axes 
are referred to as a-axes) of the crystal axes of the 
tetragonal system are present within a plane parallel to the 
specimen surface. With respect to the c-axis-oriented 
specimen, in general, directions of the two a-axes are 
random, and randomly oriented crystal grains are mixed with 
each other. Such a c-axis-oriented specimen is the target 
for measurement of the present invention. 

The principle of the stress measurement using X-ray 
diffraction will be briefly described with reference to the 
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formulae shown in Fig. 2. Formula (1) is the Bragg' s 
equation representing the diffraction condition of X-ray. 
Under the assumption that the wavelength A, (the wavelength 
of an X-ray used for the measurement) is constant, both 
sides of formula (1) are totally differentiated and 
transformed to become formula (2) . On the other hand, the 
strain e is defined by formula (3) . When the Bragg* s 
diffraction angle of a crystal plane in a non-strain state 
is represented by 6 0 , formula (4) is derived from formulae 
(2) and (3) . That is, when the Bragg' s diffraction angle 9 0 
in a non-strain state is known, the strain 6 can be 
determined through measurement of the diffraction angle 0 
using X-ray diffraction. The above-described principle and 
the conventional sin 2 vj/ method based thereon are described in 
detail in, for example, Jikkenbutsurigaku kouza 20, X-sen 
kaisetsu (Experimental physics course 20, X-ray diffraction), 
edited by Kohra, K. , KYORITSU SHUPPAN CO., LTD., 1988, 
p. 571-575 "16.2 X-sen ouryokusokuteino genri (Principle of 
X-ray stress measurement) " . 

The general theory of the stress measurement method for 
a fiber texture specimen composed of a polycrystal which has 
a crystal system having three coordinate axes orthogonal to 
each other (tetragonal system, cubic system and the like) 
will be described. 

Fig. 3 is a perspective view showing three coordinate 



systems which will be used for explaining a calculation 
method in a stress measurement . With respect to a specimen 
10 having a flat surface, three kinds of three-dimensional 
orthogonal coordinate systems are taken into consideration: 
a specimen coordinate system P, a crystal coordinate system 
X and a laboratory coordinate system L. 

The specimen coordinate system P is a three-dimensional 
orthogonal coordinate system fixed on the specimen. Two 
coordinate axes Pi and P2 orthogonal to each other are 
defined within the surface of the specimen, and the 
coordinate axis P3 is set to become perpendicular to the 
specimen surface. The specimen coordinate system P is 
visible to the observer, and becomes a standard coordinate 
system to the observer. The stress applied to the specimen 
is determined with this specimen coordinate system. 

The crystal coordinate system X is a three-dimensional 
orthogonal coordinate system representing crystal axes of a 
crystal grain to which the crystal plane contributing to the 
diffraction belongs, the crystal grain being present in the 
vicinity of the specimen surface. A fiber texture 
polycrystal is contemplated as the specimen and, therefore, 
a specific crystal axis (in this case, the coordinate axis 
X3) of every crystal grain contained in the specimen is 
perpendicular to the specimen surface. The other two 
coordinate axes XI and X2 are present within the surface of 
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the specimen. This crystal coordinate system X is not 
visible to the observer, and the coordinate axes XI and X2 
may point in a random direction. The crystal coordinate 
system X is derived by rotation of the specimen coordinate 
system P around the coordinate axis P3 in a counterclockwise 
direction through an angle of P when viewed from the origin 
of P3 toward the forward of P3 . As a matter of course, P3 
and X3 coincide with each other. 

The laboratory coordinate system L is based on an X-ray 
optical system in the X-ray diffraction measurement. The 
laboratory coordinate system L is derived in a manner that 
the specimen coordinate system P is rotated around the 
coordinate axis P3 in a clockwise direction through an angle 
of (|> when viewed from the origin of P3 toward the forward of 
P3 and, in addition, P3 and PI are rotated around P2 at that 
time (P2 is present in the location of L2 shown in Fig. 3) 
through an angle of v|/. The direction of L3 is the direction 
of the normal to the crystal plane contributing to the 
diffraction. This laboratory coordinate system L is used 
for measuring the diffraction angle (that is, for measuring 
the strain) . 

A system of notation of an elastic compliance constant 
S, a stress o and a strain £ in each of the coordinate 
systems is shown in Fig. 5. The strain 8ij (i, j = 1, 2, 3) 
and the stress (i, j = 1, 2, 3) are 3x3 matrices. The 
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elastic compliance constant Sijki (i, j - k ^ 1 ~ 2 ' 3 > 1S 
in tensor notation. 

There is a relationship shown in Fig. 6 between the 
elastic compliance constant Sijki (i, j , k ' 1 = 1, 2, 3) in 
tensor notation and the 6x6 matrices S pq (p, q = 1, 2, 3, 4, 
5, 6) in matrix notation. For example, S1213 is equal to a 

quarter of S65- 

When transformation matrices n, co and Y between three 
coordinate systems are defined as shown in Fig. 4, these 
transformation matrices can be represented by formulae (5) 
to (7) shown in Fig. 7. These formulae can be represented 
using a rotation matrix Rl (5) which rotates around a 
coordinate axis 1 through an angle of 6, a rotation matrix 
R2 (8) which rotates around a coordinate axis 2 through an 
angle of 8 and a rotation matrix R3 (8) which rotates around 
a coordinate axis 3 through an angle of 8. The forms of the 
rotation matrices Rl to R3 are represented by formulae (8) 
to (10) as shown in Fig. 7. 

On the other hand, there are relationships represented 
by formulae (11) to (13) shown in Fig. 7 between the strain 
6 and the stress a. Formula (14) is derived from formulae 
(11) to (13) . In this formula (14) , the strain e L 33 
(measurable value) in the laboratory coordinate system is 
represented by the elastic compliance constant S in the 
crystal coordinate system, the load stress a in the specimen 
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coordinate system and transformation matrices. 

The above description is the general theory of the 
stress measurement method for the fiber texture specimen. 
These are also described in the above-described Tanaka, K. , 
Akiniwa, Y., Ito, T. and Inoue, K., JSME International 
Journal, Series A , Vol.42, No . 2 , p. 224-234, 1998. 

Next, the property specific to the tetragonal system, 
that is, the characteristic items of the present invention, 
will be described. The tetragonal system can be classified 
based on the symmetry thereof, and be classified into the 
two types: the Laue symmetry (that is, the symmetry of the 
reciprocal lattice space) 4/mmm and that having the Laue 
symmetry 4/m. The former includes a four-fold symmetry 
about the c-axis and three mirror symmetries and, therefore, 
has high symmetry. The latter includes a four-fold symmetry 
about the c-axis and one mirror symmetry and , _ therefore , has 
low symmetry. The symmetry of the crystal is described in, 
for example, X-sen kesshoukaisekino tebiki, Ouyoubutsurigaku 
sensho (Guide to X-ray crystal analysis, Applied physics 
sampler), Sakurai, T . , Shokabou, 1983, p. 53. 

The single-crystal elastic compliance constant S of the 
tetragonal system belonging to 4/mmm can be represented by 
formula (15) shown in Fig. 8. On the other hand, the 
single-crystal elastic compliance constant S of the 
tetragonal system belonging to 4/m can be represented by 
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formula (16) shown in Fig. 8. 

Next, two types of stress state are assumed with 
respect to such a tetragonal system, and each stress state 
will be ascertained whether the stress can be measured using 
X-ray diffraction, that is, whether the stress can be 
experimentally determined based on the relationship between 
the measured value of the strain s and the measurement 
conditions of i(/ and the like. 

First, an "equi-biaxial stress state" is assumed. This 
is a stress state in which formulae (17) and (18) as shown 
in Fig. 9 hold good. That is, with respect to specimen 
coordinate system P, the stress a lx in the direction of the 
coordinate axis PI is equal to the stress <r 22 in the 
direction of the coordinate axis P2 , equal stress, and the 
shearing stress a 12 between the coordinate axes PI and P2 is 
zero in this state. No stress is applied in the direction 
perpendicular to the specimen surface (the direction of the 
coordinate axis P3) , because the specimen surface is a free 
surface. Accordingly, cr 13 , a 23 and <r 33 are zero. Under such 
a stress condition, formula (15) shown in Fig. 8 
representing the elastic compliance constant is substituted 
into formula (14) shown in Fig. 7 and, thereby, formula (19) 
shown in Fig. 9 is derived. Likewise, under the same stress 
condition, formula (16) shown in Fig. 8 representing the 
elastic compliance constant is substituted into formula (14) 
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shown in Fig. 7 and, thereby, formula (19) shown in Fig. 9 
is derived too. 

In this manner, under the equi-biaxial stress state, 
the stress can be measured based on formula (19) shown in 
Fig. 9 with respect to both of the tetragonal system 
belonging to 4/mmm and 4/m. That is, when the strain e L 33 
and sin 2 i|/ are plotted on a graph, there is a substantially 
linear relationship therebetween and, thereby, the slope can 
be determined. The stress cr can be calculated through the 
use of the resulting slope and the elastic compliance 
constants Sn, Si 2 and S13 of the crystal. 

In general, it is believed that a c-axis-oriented 
specimen of the tetragonal system is not in the equi-biaxial 
stress state, which is the specific stress state, but in the 
plane stress state described below. Therefore, when the 
stress measurement based on formula (19) shown in Fig. 9 
cannot be satisfactorily performed (no linear relationship 
is observed in the above-described graph) , the stress must 
be determined under the assumption of a more general plane 
stress state, as described below. 

Consequently, the "plane stress state" is assumed next. 
This is a stress state in which formula (20) shown in Fig. 9 
holds good. That is, with respect to the specimen 
coordinate system P, the stress cx ix in the direction of the 
coordinate axis PI is different from the stress O22 ^ n the 
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direction of the coordinate axis P2 , non-equal stress, and 
the shearing stress a 12 between the coordinate axes PI and P2 
is present. No stress is applied in the direction 
perpendicular to the specimen surface (the direction of the 
coordinate axis P3) , because the specimen surface is a free 
surface). Accordingly, a 13 , a 2 3 and a 33 are zero. Under such 
a stress condition, the calculation result of the tetragonal 
system having the Laue symmetry 4/mmm is different from that 
of the Laue symmetry 4/m. In conclusion, with respect to 
the tetragonal system belonging to 4/mmm, the calculation 
result can be satisfactorily organized, and formulae 
suitable for the stress measurement are available. On the 
other hand, with respect to the tetragonal system belonging 
to 4/m, no formula suitable for the stress measurement is 
currently available. Consequently, according to the present 
invention, with respect to the "plane stress state" (general 
stress state of the specimen surface) , the stress of the 
tetragonal system having only the Laue symmetry 4/rnmm can be 
measured . 

With respect to the tetragonal system having the Laue 
symmetry 4/mmm, formula (15) shown in Fig. 8 representing 
the elastic compliance constant is substituted into formula 
(14) shown in Fig. 7 based on formula (20) shown in Fig. 9 
representing the "plane stress state". Furthermore, the 
crystal plane strains e L 33 are determined with respect to (|> = 
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0°, 45° and 90° and, thereby, formulae (21) and (22) shown 
in Fig. 10 and formula (23) shown in Fig. 11 are derived. 
However, the present forms of these formulae are not 
suitable for the stress measurement. 

Then, the symmetry 4/mmm will be discussed. Fig. 15 is 
a diagram showing the symmetrical property of the tetragonal 
system having the Laue symmetry 4/mmm, viewed from the c- 
axis direction. The symmetry viewed from the c-axis 
direction, the symmetry relating to the present invention, 
is composed of a combination of a four-fold symmetry about 
the c-axis and one mirror symmetry. Here, $ = 0°, 45° and 
90° are set at the locations shown in Fig. 15. An X-ray 
optical system is arranged in the location indicated by <|>. 
It is assumed that when the X-ray optical system is set in 
the location of <|> = 0°, diffracted rays from a group of 
crystal grains having the crystal coordinate system 
represented by the point (1) rotated through an angle of P 
from the location of <(> = 0° are detected. In this case, 
diffracted rays from a group of crystal grains having eight 
equivalent crystal coordinate systems indicated by (1) to 
(8) shown in Fig. 15 are simultaneously detected. 
Consequently, the detected diffracted X-ray is an average 
value of the diffracted rays from a group of crystal grains 
having these eight types of equivalent crystal coordinate 
systems. The angle of each of the crystal coordinate 



systems (1) to (8) relative to the location of $ = 0° is 
described in a row <j> = 0 ° in the table shown in Fig. 16. 

Referring back to formula (21) shown in Fig. 10, this 
formula shows a strain corresponding to one reflection (one 
crystal plane) with respect to § = 0 ° . However, eight 
reflections (eight crystal planes) from different crystal 
grains are actually present based on the above-described 
symmetry, and are simultaneously measured. Consequently, 
strains must be determined by independently substituting 
eight angles described in the row § = 0 ° shown in Fig. 16 
into P in formula (21) , and the average thereof is the 
strain actually measured. In the calculation of the above- 
described average value, the terms of sin4p cancel each 
other to become zero, and the terms of cos4p remain as a 
term of cos4P with no change. The result of the calculation 
is formula (24) shown in Fig. 12. In this formula (24), a 
horizontal line drawn above e L 33 (0°) refers to "an average 
value" of the above-described eight types of reflection. 

Likewise, with respect to <fr = 90°, eight angles 
described in the row <|> = 90° shown in Fig. 16 are 
independently substituted into formula (22) shown in Fig. 10, 
and the average value thereof is determined, so that formula 
(25) shown in Fig. 12 is derived. 

With respect to <J> = 45°, eight angles described in the 
row 4> = 45° shown in Fig. 16 are independently substituted 
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into formula (23) shown in Fig. 11, and the average value 
thereof is determined, so that formula (26) shown in Fig. 13 
is derived. 

The three formulae (24) to (26) determined as described 
above are combined with each other, followed by 
transformation, and formulae (27) to (30) shown in Fig. 14 
are thereby derived. Here, V in formulae (28) and (29) is 
represented by formula (30) . 

The stress measurement can be performed through the use 
of these formulae as described below. Referring to formula 
(27) shown in Fig. 14, an X-ray optical system is set in the 
location of 4> = 0°, and X-ray diffraction measurement is 
performed with respect to a plurality of v|/ (that is, with 
respect to a plurality of Miller indices) , diffracted rays 
from which can be detected, so that each diffraction angle 6 
is measured. With respect to each a strain e is 
calculated from the diffraction angle 6 and the diffraction 
angle 9 0 (known) in a non-strain state. The resulting strain 
6 corresponds to an average value of e L 33 (0°). Likewise, the 
X-ray diffraction measurement is performed with respect to § 
=90° in a manner similar to that described above, and an 
average of e L 33 (90 °) is determined with respect to each y. 
These are plotted on a graph. That is, the horizontal axis 
indicates sin 2 X|>, the vertical axis indicates Fl (that is, 
one-half the sum of the strain at ♦ = 0 ° and the strain at <J> 
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= 90°) , each measurement value is plotted, and an 
approximate linear line of the resulting graph is determined, 
for example, a regression line is determined by a least- 
squares method. The value of a lx + a 22 can be determined 
from the slop of the resulting linear line and the elastic 
compliance constants Sn, S12, and S13. 

Likewise, with respect to formula (28), the horizontal 
axis indicates V, see formula (34) , the vertical axis 
indicates F2 (that is, one-half the difference between the 
strain at <j) = 0° and the strain at <|> = 90°), each 
measurement value is plotted, and an approximate linear line 
of the resulting graph is determined. The slop of the 
resulting linear line corresponds to a xl - a 22 . 

Since the value of o lx + a 22 and the value of an - a 22 
are obtained, On and cr 22 can be calculated from them. In 
this manner, the strain a xl in the direction of the 
coordinate axis PI and the strain a 22 in the direction of the 
coordinate axis P2 are determined. 

Next, with respect to formula (29) , the horizontal axis 
indicates V, the vertical axis indicates F3 (that is, the 
value determined by subtracting the above-described Fl from 
the strain at § = 45°), each measurement value is plotted, 
and an approximate linear line of the resulting graph is 
determined. The slop of the resulting linear line 
corresponds to 2or 12 . 
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Next, a specific procedure of the stress measurement 
will be described in consideration of an actual specimen. 
With respect to the specimen to be measured, PbTiCb is 
assumed as the tetragonal polycrystal specimen having the 
Laue symmetry 4/mmm. With respect to the lattice constant 
thereof, a = 0.3902 nm and b = 0.4156 nm. The space group 
is 99 (P4mm) . With respect to the elastic compliance 
constant (in unit of 1/TPa) thereof, S u = 7.12, S i2 = -2.1, 
S33 = 32.5, S44 = 12.2 and S66 = 7.9. The values of such an 
elastic compliance constant are known (described in a book, 
a literature, or the like regarding physical properties of 
various substances) . 

With respect to PbTiC>3, the Miller indices (hkl) , the 
diffracted ray from which can be measured, include those 
shown in Fig. 17. The direction of the normal to the 
crystal plane represented by the Miller indices (hkl) is the 
direction inclined at an angle of \J/ from the direction of 
the normal to the specimen surface (that is, from the 
direction of the coordinate axis P3) as shown in Fig. 18. 
The value of vj/ with respect to each Miller indices is as 
shown in Fig. 17. With respect to each Miller indices, the 
value of P, the lattice spacing do in a non-strain state and 
the Bragg 's angle 0o corresponding thereto are also shown in 
Fig. 17. The Bragg 1 s angle 0 0 is calculated from do under 
the assumption that a CuKa ray (wavelength k = 0.154056 nm) 
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is used. 

First of all, an X-ray optical system is set in the 
location of ♦ = 0° shown in Fig. 3. That is, the L3-L1 
plane (a plane including the coordinate axes L3 and Ll) in 
the laboratory coordinate system is made to coincide with 
the P1-P3 plane in the specimen coordinate system. Fig. 18 
is a diagram showing a state in which the L3-L1 plane in the 
laboratory coordinate system is made parallel to the paper 
surface. The direction of the normal to the crystal plane 
with the Miller indices (hkl) is the direction of the 
coordinate axis L3 , and is inclined at an angle of v|/ from 
the coordinate axis P3 . The crystal plane with the Miller 
indices (hkl) is parallel to the coordinate axis Ll . The X- 
ray 14 incident on the specimen 10 from the X-ray source 12 
is diffracted at the crystal plane with the Miller indices 
(hkl) , and the resulting diffracted X-ray 16 is detected 
with the X-ray detector 18. The X-ray source 12 and the X- 
ray detector 18 is arranged to be symmetrical with the 
normal to the crystal plane with the Miller indices (hkl) . 
The incident X-ray 14 and the crystal plane form an angle of 
6, and the diffracted X-ray 16 and the crystal plane form an 
angle of 6 as well. 

When the Miller indices (hkl) are determined, the 
Bragg* s angle 9 0 in a non-strain state is thereby determined 
(known) . Therefore, the X-ray source 12 and the X-ray 



detector 18 are adjusted within the range of a very small 
angle in the vicinity of this Oo so that a diffraction angle 
0 at which the intensity of the diffracted x-ray becomes a 
maximum can be found out. This value 9 is taken as a 
measurement value. A strain 6 can be calculated from the 
difference between this measurement value 6 and the Bragg' s 
angle 6 0 . In this manner, strains £ = 0°) are determined 
with respect to a plurality of Miller indices (hkl) , that is 
with respect to a plurality of It is noted that when a 

one-dimensional or two-dimensional position-sensitive X-ray 
detector is used as the above-described X-ray detector 18, 
the adjustment (scanning) of the X-ray detector 18 becomes 
correspondingly unnecessary . 

Next, the X-ray optical system is set in the location 
of § = 45°, a similar measurement is performed and, 
therefore, a strain £ (fy = 45°) can be determined with 
respect to each y . Furthermore, the X-ray optical system is 
set in the location of <(> = 90°, a similar measurement is 
performed and, therefore, a strain 6 (<j) = 90°) can be 
determined with respect to each \\f . 

In this manner, the strain £ corresponding to each y is 
determined with respect to § = 0°, 45° and 90°. 
Consequently, sin 2 \|/ or V and the value of Fl, F2 or F3 are 
plotted on a graph, the slope of an approximate linear line 
is determined, and tfn , a 22 and cr 12 can be calculated from the 



slops based on formulae (27) to (30) shown in Fig. 14. The 
value of P used for the calculation is the value shown in 
Fig. 17, and the values of the elastic compliance constants 
Sn, S12. S13 and S 66 are as described above. 

The above description is the specific procedure of the 
stress measurement method under the assumption of the plane 
stress state. However, the specific procedure of the stress 
measurement method under the assumption of the equi-biaxial 
stress state is simpler, as described below. 

With respect to the formulae, only formula (19) shown 
in Fig. 9 is used. The stress to be determined is one kind, 
that is, On = a 22 = a 12 . An X-ray optical system is set in 
an arbitrary plane including the coordinate axis P3 (any 
plane can be selected because of the equi-biaxial stress 
state) , and X-ray diffraction measurement is performed with 
respect to a plurality of V , diffracted rays from which can 
be detected, so that each diffraction angle 9 is measured. 
With respect to each yf , a strain s is calculated from the 
diffraction angle 9 and the diffraction angle 9 0 (known) in , 
non-strain state. The results are plotted while the 
horizontal axis indicates sin 2 V , and the vertical axis 
indicates bSb. An approximate linear line of the resulting 
graph is determined, for example, a regression line is 
determined by a least-squares method. The value of a can b, 
determined from the slop of the resulting linear line and 



the elastic compliance constants Su, S i2 , and 



